Polymer dielectrics offer key advantages over their ceramic counterparts such as flexibility, scalability, low-cost, and high-breakdown voltages. However, a major drawback that limits more widespread application of polymer dielectrics is their temperature-dependent dielectric properties. To achieve dielectric constants with low/zero temperature coefficient (L/0TC) over a broad temperature range is essential for applications in diverse technologies.
INTRODUCTION
Dielectrics can deliver a very high power density and represent an attractive rapid energy storage technology for applications in hybrid vehicles, power electronics, bio-medical field, and electrical weapon systems. [1] [2] [3] Compared to the ceramic dielectrics, polymer dielectrics offer a high breakdown voltage, lower processing temperature, easy processibility, flexibility, and are of increasing interest for diverse applications. 4 However, polymers typically have intrinsically low dielectric constants (e.g., < 10). It is thus often necessary to form composites of polymers with dielectric or conductive fillers to raise their dielectric constant for variety of high energy density applications. Percolative polymer composites (PPCs), containing a conductive filler, achieve high dielectric constant at relatively low filler concentrations while retaining the easy processibility and mechanical robustness of polymer composites, making them a key multi-functional material for applications in energy conversion and storage, [5] [6] electronics, 7 and bio-medical fields. [8] [9] Despite their widespread applications and advantageous properties, PPCs are typically limited by intrinsic drawbacks of sharp insulator-conductor transition near the percolation threshold, and highly temperature dependent electric and dielectric properties. [10] [11] Compared to the electrical resistivity (ρ), the dielectric constant (κ) of PPCs is much more sensitive to the temperature since the filler concentration of composites with high dielectric constant and low dielectric loss always falls 3 in the most thermal-sensitive region of percolation curve (near the critical filler concentration). 10, 12 This intrinsic drawback limits the working temperature of PPCs, and makes them unsuitable for the applications with large temperature swings such as in hybrid vehicles, aerospace, power electronics, and underground oil/gas exploration. [13] [14] [15] In fact, temperature sensitivity of κ is a challenge not only for PPCs, but also for traditional ceramic capacitors used in electronic circuits. To achieve the stable function of ceramic capacitors over a wide temperature window, complex temperature compensating electronic circuits are required.
To enhance the applicability of PPCs, low/zero temperature coefficients of dielectric constant (L/0TCκ), as well as electrical resistivity (L/0TCρ), over a broad temperature range is much needed. So far there is no comprehensive strategy available to simultaneously obtain both the wide temperature range L/0TCκ and L/0TCρ in PPCs. Strategies such as polymerfiller interface engineering [16] [17] [18] or filler alignment [19] [20] have been employed for this purpose.
However, despite considerable efforts with different strategies, L/0TC was achieved only over a relatively narrow temperature window (e.g., 100 °C). A most recent breakthrough reports nanocomposites with relatively high working temperature 21 , yet with relatively low dielectric constant (~3.5 at maximum), and thus unsuitable for high energy density storage materials.
Herein, we report a novel hybrid filler strategy for tailoring the temperature dependence of dielectric as well as the electrical resitivity of the PPCs. By using hybrid of one- 
RESULTS AND DISSCUSION
Polymer composites were fabricated by melt mixing the polymers, and the individual (CNT, and CB) as well as their hybrid fillers (CNT-CB). Initially two types of CNTs were studied, but finally one type was chosen due to its better suitability for our studies (details of the process and choice of materials for fabrication of polymer composites are provided in the supporting information). By controlling the relative ratio of hybrid fillers in the composites, it is possible to achieve L/0TC PPC over a wide temperature window. Figure 1a shows the TEM images of CNT, CB, and (CNT+CB) hybrid fillers, while the 
where ƒfiller is the filler concentration, ƒc is the percolation threshold, and q and t are the critical constants. CNT, CB, and (CNT+CB) based composites, respectively (Fig. S1 ). For 3D fillers, universal value of t is in the range of 1.6-2.0 while of q is 1.0. Non-universal and high value of t can be attributed to diverging inter-particle distances (caused by variations in aspect ratios, dispersion and the networks of filler in the polymer matrix), yielding a diverging distribution of resistance elements as inter-particle resistance bare the feature of exponential decay of tunneling conductivity with the inter-particle distance. 23, 25 A lower t value also means a more sharper percoaltion curve, and higher t value corresponds to a more gradual percoaltion curve. consequent increase in ρ and decrease in κ value of the composites. [28] [29] [30] It is important to note that due to the 0D nature of CB particles, contact between CB particles is point-type, whcih is easily breakable.
In the case of 1D (CNT) filler based polymer composites, compared to CB where interfiller point-type contact has low contact area, inter-CNT line-type contact, due to the large aspect ratio (AR) of CNTs because fo their 1D nature, has larger contact area (the schematics of NTC mechanism for CNT based composites is presented in Fig. S4 ). It is important to mention that some of the CNTs, when not oriented parallele to each other, may also have point-type contact. However, point-type contact of CNTs is not easy to break becase of thier higher length. These factors make CNT/polymer composites immune to polymer chain movement induced increase in ρ. Instead, just below the percolation threshold, CNT/polymer composites show a decrease in ρ and an increase in κ values at higher temperatures ( Fig. 3a,   3b ). For example, near percolation threshold, the κ value of the composites experiences an increase of at least 75% in the temperature range of −50 C to 150 C. The decrease in 7 resistivity and increase in κ with temperature is often ascribed to temperature dependent increase in the conductivity of polymer matrix, thermal fluctuations induced tunneling (FIT), [31] [32] variable range hopping (VRH), 33 or reparation of the disconnected conductive chains due to the dynamic factors (van der Waals interaction between fillers). [34] [35] Since CNT and CB based composites display opposite temperature dependence of their electrical and dielectric properties, we hypothesize that a combination of both fillers in appropriate ratio could result in a balance to create a composite with temperature independent electrical/dielectric properties. Importantly, in this temperature window, percent changes in dielectric loss tangent of our hybrid filler composite were quantitatively on the same level as dielectric constant (<~10 %) and hence also exhibited the L/0TC characteristics (Fig. S9 ).
Since our polymer matrix is an elastomer, it is interesting to investigate the effects of physical bending and stretching on the L/0TCσ and L/0TCκ characteristics. Multiple bending cycles didnt show any significant change in the mechanical properties of composites, indicating their good service life (Table S2 ). Figure 6a shows that composites retain their L/0TCρ and L/0TCκ even after 3000 cyclic bending. Compared to bending, where strain is relatively small (usually below 1%) 37 , it is more challenging to retain the L/0TC properties for stretchable devices where the strain is much larger. We stretched the composite samples up to 15% and found that the composites retain their L/0TC characteristics, as shown in Fig. 6b .
These results demonstrated that our L/0TC composites have excellent properties and could be very useful for flexible electronics. We further tested the L/0TCσ and L/0TCκ properties at different AC frequencies (100 Hz, 10 kHz and 1 MHz). As evident in the percolation threshold, ρ presents a critical behavior against the AC frequencies. 22 Apart from the L/0TCρ and L/0TCκ, our hybrid filler polymer composites, compared to the neat polymer also show significant enhancement of dielectric constant by 50 times (Fig. 1d) , reasonable dielectric breakdown strength ( Fig. S10) , thermal conductivity by over 100%
(increased from ~ 0.12 W m -1 K -1 for pure polymer to ~ 0.30 W m -1 K -1 for 0.06 volume fraction hybrid filler composites), and thermal stability by 29% (Fig. S3b) .
To test the versatility of our concept for other polymer matrix, we have also fabricated Compared to TPE based composites, the PVDF based composites display even better L/0TCκ
properties (Fig. 6d) , especially at higher temperatures. The variation in κ was less than ± 10% . 3 At 0TC concentration, the Umax for both the TPE and PVDF based composites was 0.17, and 2.80 J/cm 3 , respectively. Main advantage of our composite is resonably high energy density without any significant change over a wide temeprature window. Energy density of dielectric composites can be further improved by choosing polymer matrix with better breakdown strength and by using the modified core-shell filler structures, however, main focus of this work is to demonstrate the temeprature independent properties of dielectric composites over an ultra-wide temperature range. Breakdown strength and maximum energy density of both TPE and PVDF based composites at different hybrid filler concentrations are given in Fig. S10 .
For high-κ materials, only L/0TC property is sought and other modes of temperature dependence are not required. While for conductors, all mode of variation in electrical resistivity with temperature (PTCρ, NTCρ, L/0TCρ) are useful for practical applications. 38 We find that by changing the relative concentration or/and total concentration of fillers we can engineer the same composites system for any temperature coefficient of electrical resistivity with desired level of ρ and intensity of respective temperature coefficient. Furthermore, it is also possible to tune the initial ρ and κ value of the composites without changing the mode of temperature coefficient (see supporting section S1). We believe that value of temperature coefficient of a single filler based composite at specific filler concentration, rather simply the concentration of filler, may be much more rational parameter while deciding the composition of a hybrid filler composite to achieve the certain mode of temperature coefficient. This is the reason why in the case of PVDF based composites, different concentrations of CB and CNT rather the equal concentration achieved the L/0TC properties. Value of the temperature coefficient of a single filler based composite will depend upon the polymer matrix, and the percolation characteristics such as shape of the percolation curve, percolation threshold and value of the critical constants (supporting section S1).
Figure 7a compares our results with previous literatures on different dielectric materials including ceramics [39] [40] , ceramic based composites [41] [42] and PPCs 10, 43 17, 19-20 and shows widest L/0TCκ window for our composites that is nearly two times wider than previously achieved 11 value. Also compared to earlier reports on the percolative dielectric polymer composites based on particle 17, 43 or rod-like fillers, [26] [27] We believe that this hybrid filler strategy is not limited only to CNT and CB but could also be extended to other conducting fillers of different shapes (plate, rod, and spheres),
dimensions (1D, 2D, or 3D) and chemical nature (organic or inorganic). In particular,
considering the recent surge of interest in 2D materials (graphene like) [44] [45] [46] and their composites [47] [48] [49] [50] and the fact that these composites experience the same sort of temperature dependence as other PPCs 51-52 , our hybrid filler strategy can also be helpful to grant a better control over the temperature dependence of electrical properties of such composites. This srtategy can also possibly be applied to layered composites. [53] [54] [55] [56] Generally, composites based on particle fillers observe PTC effect due to the fact that inter-particle contact is point-type which has characteristics of low contact area. 57 On the other hand, composites based on large contact area type fillers such as with line contacts (for high aspect ratio rod like fillers) 58 or face contacts (for plate like fillers) 59 are expected to have the NTC effect (a summary of interfiller contacts and associated temperature coefficient is provided in Fig. 7b ). Therefore, 
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CONCLUSIONS
We have demonstrated a hybrid filler strategy that gives extraordinary control and versatility to the design of dielectric polymer composites. Our approach allows to fabricate the polymer composites with L/0TC characteristic which is independent of physical deformation and AC frequency. Moreover, this strategy is applicable to various fillers and polymers. By changing the total concentration of CNT+CB fillers and by carefully choosing the relative ratio of CNT and CB, we can obtain all three modes of temperature dependence of ρ and κ in a single polymer composite system. Such a simple strategy grants extraordinary control and versatility in designing PPCs with controlled temperature dependence of electric and dielectric properties.
EXPERIMENTAL DETAILS
Multi-walled carbon nanotubes (CNTs) were synthesized by chemical vapor deposition method using ferrocene as catalyst precursor and toluene as a carbon source 60 . Amongst two types, CNTs with diameter, length, and specific surface area of 10 -30 nm, 5 -15 μm, and 90-140 m 2 /g, respectively, were chosen (see Fig. S11 ). 99.9 % pure Acetylene CB powder electrodes were deposited on polymer sheets by using e-beam evaporation (see Fig. S12 ).
Typical dimensions of the interdigitated electrodes were 300µm electrode width 300 µm 
Temperature coefficient of dielectric constant
The temperature coefficient of dielectric constant (), for a given temperature range (from Ti to Tf), is defined as:
where kref is the dielectric constant at room temperature, Ti and Tf are the low-end and highend temperatures, respectively, and ki and kf are the dielectric constants at Ti and Tf, CCTO [39] 
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